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INTRODUCTION 
Selenium has been found to be both essent i a l  for and 
toxic to animal s and humans . Plants make up the main source 
of selenium for anima l s  which are the food source for 
humans . Therefore , the selenium content in so i l s  and pl ants 
is of interest . 
The uptake and accumulation o f  sel enium by plants is 
governed by many environmental factors such as p lant 
spec ies , s o i l  pH , so il type , the chemical form of the 
selenium and the presence of other ions . The most important 
factors regul ating selenium uptake by pl ants a re the 
concentration and the form of selenium present in the soil . 
Many authors have described the ava il ab il ity of 
selenium from different forms .under various conditions .  
They found that the measurement of soluble sel enium is the 
best relative index for the potential of selen ium uptake by 
plants . Elemental selenium is very insolub l e  in water and 
is thought to be unava i l able . to crop plants . 
Fly ash which is produced in coal -burning el ectric 
power-generating p l ants conta ins appreciabl e  amounts of 
selenium which is mainly elemental sel enium . I t  has been 
reported that plants grown on so i l s  amended with fly ash 
absorbed s ignificant amounts of selenium . For instance , 
white sweet clover grown on fly ash accumul ated as much as 
205 ppm selenium ( Furr et al . ,  1 9 7 8b). Genera l ly , · the 
uptake of selenium by plants has been correlated with the 
1 
amount of fly a sh added . 
In recent years , the emphasis o f  most studies on fly 
ash has been focused on the potential for us i ng fly ash of 
known selen ium content for increas ing the selenium content 
of various crops to l evel s which would protect l ivestock 
from selen ium-responsive diseases . Appl ication of sel enium 
salts to soil as a means of providing suppl emental selenium 
to l ivestock is of l imited use due to the h igh cost of the 
selenium salts . 
It has been reported that only very sma l l  amounts of 
elementa l selenium can be solubil i zed and absorbed 
( Watkinson and Davies , 19 6 7 ) . General ly sel enium from this 
source woul d  represent a very sma l l  amount o f  the total 
selenium in the plant . On the other hand , Cary and Al laway 
( 19 6 9 ) have demonstrated that elemental .selen ium can be 
trans formed into more soluble forms by reactions that reduce 
·el emental sel enium,  improving the avail abil ity of elemental 
selenium .  
The obj ectives o f  this work are to try to examine 
the ava i l ab il ity of elemental selenium , to find the 
processes involved in the solubiliz ation of the elementa l 
seleni um ,  and to determine the e ffect o f  drying on the 
selenium content of plants . 
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LITERATURE REVIEW 
/Selenium i s  widely distributed in sma l l  amounts in 
the earth's crust , hav ing an average abundance around 0 . 09 
ppm ( Lakin , 1 9 7 2 ) . The selenium contents o f  a wide range o f  
rocks , minera l s , lunar and volcanic material s , soil s , 
plants , fos s i l  fue l s , and various waters have been 
determined . /o 
� sel enium occurs in the earth ' s  crust ma inly 
assoc iated with sul f ide minerals or as selen ides of si lver , 
copper , l ead , mercury , and hickel or other meta l s . Some o f  
the highest selenium contents of sul f ides a r e  associated 
with uranium ores from the sandstone-type depos its in the 
Western United States ( Coleman and Delevaux , 1 9 5 7 )  .vo 
Goldschmidt ( 1 9 5 4 ) has suggested that in h igh-temperature 
hydrothermal sul f ides , the sel enium content i s  higher than 
. • OJ 
1n low-temperature sul f1des. Takimoto et a l . ( 1 9 5 8 )  
·concluded that the selenium content o f  sul f ide materials is 
highest in those of earl iest. formation wh ich may be rel ated 
to the highest temperature of format ion and not a f fected.by 
the kind o f  sul f ide minera l  in which it occurs .)0 
Because o f  the high levels of selenium in 
sed imentary rocks and the importance of such rocks as _s o i l �  
forming materials , the-processes which result in h igh · 
selenium concentrations are of interest . 
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Lakin ( 19 6 1 )  has suggested that sel enium i s  
concentrated i n  sedimentary rocks by the fol l owing 
processes : ( 1 ) precipitation by rain o f  selen ium from 
volcanic emanations ; ( 2 )  deposition o f  eros ion products from 
vol canic sul fur , seleni ferous tuffs , and sul f ide depos its ; 
and ( 3 )  precipitation of selenium from streams or 
groundwater carrying unusual quant ities of s e l enium from 
older seleni ferous sediments . 
As ind icated by Lakin and Davidson ( 1 9 67 ) , the 
selen ium l evel in. soi l s  is related to the whol e  geochemical 
cycle o f  selen ium and the solution chemistry of the el ement . 
The important factors include the selenium content o f  parent 
rocks , redox potential s , pH , solubil ity and the nature of 
the dra inage waters ( Al laway et a l . ,  1 9 6 7 ; Cary et al . ,  
1 9 6 7 ; Lakin , 1 9 6 1 ; Al laway , 19 6 8 ; Geering et a l . ,  1 9 6 8 ) . 
Rosenfeld and Beath ( 19 64 ) have pointed out that selen ium in 
the so i l  may be derived from ( 1 ) rock formati ons or 
outcrops , ( 2 )  formations lying bene ath the so i l  mantle , (3). 
decompos ition o f  parent rocks by wind and w�ter and 
subsequent transport by ground or surface water , ( 4 )  
indicator plants , or ( 5 ) man-made enrichment o f  the soil  
with selenium in mining operations and as ind i cated by Lakin · 
and ·oavidson _( 19 6 7 ) , the combustion o f  fos s i l  fue l s . The 
selenium content of most so i l s  is between 0 . 1  and 0 . 2  ppm 
( Swaine , 1 9 5 5 ) . 
Because o f  the sma l l  amounts of the e l ement present 
4 
a nd the comp l exities o f  soil systems , selenium compounds in 
soi l s  are d i f f icul t  to separate and ident i fy ( Trel ease and 
Beath , 1 9 49 ; All away et a l . ,  19 67 ; Rosenfeld and Beath , 
1 9 64) . The results for seleni um from the analys i s  o f  
compounds i n  so i l s  suggest that there are d i fferences in 
their solubi l ity in water and in some other solvents . 
Selenium i n  the soi l s  may be present as sel enides1 
selenites , selenates , elemental selenium,  and organic 
selenium compounds . Some of these forms a re read i ly 
a bsorbed by a l l  types of vegetation . 
S o i l s  that supply suf fic ient selenium to produce 
toxic p l a nts are commonly referred to as toxic sel eni ferous 
soi ls . Nontoxic seleni ferous so i l s  contai n  insu f f i c ient 
ava i l a bl e  selenium for plants to absorb toxic l evel s .  
Although selenium has not been found to be essential 
for p lant growth ,· it is an essential element for an i mals 
( Underwood , 19 7 1 ) , and particularly gra z ing ruminants can 
show chronic symptoms of either toxicity or def i c i ency 
depending on the sel enium concentration in the i r  diet . For 
this reason the relationship between so i l  and p l ant selenium 
and the development o f  rapid avai lab i l ity tests for soil 
selenium are important and require eluc idati on before the 
suppl y  of selenium v ia the pasture plants can be established 
and control led . 
The uptake o f  Se by pl ants is dependent upon the 
oxidation state in which the Se is present in the_ growing 
5 
medium . Gan je and Whitehead ( 19 58 ) found a higher 
concentration of selenium in the plants when s e lenate was 
added to the soi l  than when selenite wa s added . The l ower 
uptake of selen ite · from soil appears to be a consequence o f  
the l ower extractabl i l ity of selenite than o f  sel enate ( Cary 
and Gisse l -Niel sen , 1 9 7 3 ) . � 
Grant ( 19 6 5 ) and Watkinson and Davies ( 19 67 )  found 
that the uptake from elemental Se was neg l igibl e  and Cary , 
Wieczarek and Al l away ( 19 67 )  found that one o f  the reasons 
for the rel at ively low availabil ity of selenite was its 
reduction to e lementa l  selenium or selenide s . The speed o f  
thi s  reaction var ies from one soi l  to the another but is 
apparently independent of the soil pH ( Ca ry and Al l away , 
1 9 6 9 ) • 
Factors influenc ing the selenium content o f  pl ants 
have been reviewed by Johnson et al . ( 19 6 7 ) includ ing the 
spec ies o f  p lant , environmental factors , age , and · phase of 
growth o f  the plant and nature of s elenium compounds . One 
of the most important of these is the kind .9f pl ant . 
Rosenfeld and Beath ( 19 6 4 ) have divided p l ants into three 
groups on the basis of their abil ity to accumulate · selen ium 
when grown on high selenium soils . Group 1 p l ants are 
referred to as selenium accumul ator or indicator plants . 
They have the ab il ity to accumulate sel enium from the soils 
at very high l eve l s , often over 1000  ppm . S ome ha ve thought 
t nat selenium ind icator plants play . an· important part in the 
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interconversion o f  soi l  selenium forms . These p lants absorb 
selenium from geol ogical formations and convert it into 
soluble compounds which are re adily ava il ab l e  for absorpt ion 
by a l l types o f  p lant vegetati on .  However thi s  rol e  i s  no 
l onger stressed ( NRC , 1 9 7 6 ) . Plants in the second group are 
referred to as secondary selenium absorbers ( Ro senfeld and 
Beath , 1 9 6 4 ) . They do not require selenium for t be i r  growth 
but when grown on soi l s  of high selenium content they have 
the ab i l ity to accumul ate selenium in concentrations of up 
to a few hundred parts per mi ll ion . Plants in group three 
include many weeds and most crop pl ants , gra ins and gr asses 
which do not normal ly cont ain more than 3 0 ppm of selenium , 
most o f  which i s  associated with plant protein . I n  general , 
soi l s  o f  higher selen ium content produce pl ants o f  high 
selenium content , but because of the importance o f  the form 
o f  selenium in soi l s  in dete rmining its absorpt ion , the 
rel ationship is not strict . 
The ava i labi l ity of differe nt forms o f  selenium 
compounds to crop pl ant $ and indic ator pl an �s was stud ied by 
Moxon , Olson and S earight ( �9 5 0 ) . Selen ates were found to 
be more ava i l able to pl ants th an selenites . 
Selenate has been identified as the m ain water ­
solub l e  fo rm of selen ium in soi l  t hat is assoc 1ated with the 
· production o f  vegetation cont aining toxic quantit ies of the 
element ( Lakin , 1 9 7 2 ) . .Many so ils of the world contain high 
l �vel s  of selenium but l ow levels o f  water-solub l e  se lenium 
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and consequently do not produce vegetation that has a toxic 
selenium l evel for anima l s . 
A nu mber o f  investigators have reported that there 
are organic selenium compounds · in the soi l . ( Beath et a l . ,  
19 3 5 ;  Byers et a l . ,  1 9 3 8 ; Wil l iams and Byers , 1 9 3 6 )  
suggesting that soluble organic selenium compounds present 
in the soi l s  a re due to decay of seleni ferous p lants . Byers 
et a l . ( 19 3 8 )  con f i rmed that seleni ferous p l ant decay 
contributes cons iderable amounts of solub l e  organic and 
inorganic sel enium compounds to the soil . Part o f  these 
solub l e  sel enium compounds may be removed from the so i l  by 
l eaching in areas of high or moderate ra infal l ,  or part of 
the organic selenium compounds may be vol at i l i z ed ·as 
indicated by noxious odors characteristic of growing 
selen i ferous p lants as wel l  as o f  decaying plants with high 
selen ium content . . The remain der of the free selenium stays 
in the so i l  in ava i l able form . 
Subsequent studies have con firmed that cons iderable 
amounts of water-soluble selenium present in the soils were 
in organic comb ination ( Beath et al . ,  1 9 3 7 ; O l s .on and Moxon , 
1 9 3 9 ) . Ol son and Moxon ( 19 3 9 )  presented data show ing that 
water-solub l e  and organic selenium content of soil s  ca ri be 
used as a rel at ive measure of avai lab il ity of sel enium to 
· plants . 
A number of investigators indicated that i nsolub l e  
selen ides , associated with sul fides ,. m ay occur i n  some soi l s  
8 
(Wil l iams and Byers , 1 9 3 6 ;  Trelease and Beath , 1 9 4 9 ; Al l away 
et al . ,  1 9 6 7 ) . The low solubil ity o f  metal s e l en ides , 
especially copper selenide , may l ead to thei r  pers istence in 
agricultural s o i l s  (Al l away et . al . ,  1 9 6 7 ) . Although redox 
potential s indicate that selenides would be oxid i z ed to 
selenite in most soi l s , the rate of oxidation is probably 
sufficiently s l ow to effect ively stab i l i z e  thi s  for m o f  
selenium under some s o i l  conditions ( Cary e t  a l . ,  1967). 
A large fract ion o f  the selenium in acid soils may 
occur as stab l e  compl exes of selenites with hydrous iron 
oxides (Wi l l iams and Byers , 19 3 6 ; Trel ease and Beath , 194 9; 
Swaine , 1 9 5 5 ;  Lakin , 19 6 1 ;  Al laway et al . ,  19 6 7 ) . Geering 
et a l . ( 1 9 6 8 ) showed that the thermodynamica l ly stabl e  
selenium co mpound i n  acid t o  neutral s o i l s  may be a ferric 
sel en ite- ferr ic hydroxide adsorption comp l ex . As the pH 
rises above 8 ,  decompos ition of the ferric hydroxide ­
selenite com pl ex begins , and the equi l ibrium solubi lity of 
sel enite increase rap idly . The rate of trans for mation o f  
sel enite t o  selena te proceeds very slowly . 
Selenates have been reported to be pre �ent in water 
extracts of soil  by several workers (Wi l l iams and Byers , 
19 3 6 ;  Byers et a l . ,  19 3 8 ; Ol son et a l . ,  1 9 4 2 ; Beath et al . ,  
19 4 6 ; Tr �l ease and Beath , 194 9 ) . According to Lakin (1961), 
· sel enates are stabl e  in an alkal ine , oxid i z ing environ ment 
such as wel l -aerated , se miarid seleni ferous soil s . · 
Selenates do not appear to be present in apprec iable 
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quantities in acid and neutral soi l s . Marked increases in 
selenium uptake by plants have resulted from appl i cation of 
soluble selenates to soils ( Grant, 19 6 5 ; Hurd-Karrer, 19 3 5 ; 
Bisbj erg and Gi ssel-Niel sen, 196 9 ; Gisse l -Niel sen and 
Bisbj erg, 1 9 7 0 ) . 
Very l ittl e  i s  known about the nature of organic 
forms of selenium in soils . According to Cary et .a l . 
( 19 67 ) , organ ic forms of selenium are probably more soluble 
under alka l ine than under acidic soil conditions . 
E l ementa l  Se is  insoluble in water, but by 
hydrolys is or bacterial act ion sma l l  amounts may be 
converted to ava i l able form for crop pl ants ( Beath et al . ,  
19 3 7 ) . On the other hand Hurd-Karrer ( 19 3 5 )  reported that 
elemental selen ium was not absorbed by wheat from loam 
containing up to 2 0 0  ppm . 
More recent work indicates that s igni f icant amounts 
of elemental selenium may be oxidi z ed by microorgan isms in 
neutral and a lkal ine soils ( Geering et al . ,  1 9 6 8 ) . It may . 
be either an important intermediate in the oxidat ion of the 
element to a soluble form ( Ol son, 19 67 ) or a trans itory 
constituent o f  neutral and acid soi l s  during the reduction 
ot sel en ites under acid conditions ( Al l away et a l . �  1 9 67 ) . 
The fate of elemental selenium in ac id soi l s  is 
unknown . Watkinson ( 19 6 3 )  and Al laway et a l . ( 1 9 6 7 ) have 
suggested that when elemental selenium is added to · ac id and 
neutra l soi l s . it may be oxidi z ed to selenites, which in 
1 0  
turn react with hydrous oxides to form complexes o f  l ow 
solub i l ity and avai labi l ity to plants . 
The principal factors affect ing t he ava i l ab i l ity o f  
soil selen ium to p l ants have been summari z ed a s  fol lows : 
( NRC 1 9 7 1 )  In alka l ine wel l -aerated s o i l s  Se tends 
to form selenates . The selenates in t he s e  s o i l s  are 
very avai l ab l e  to plants and they may l ead to toxic 
concentrations in plants . In acid s o i l s  a ferric iron 
selen ite complex is formed that i s  only s l ightly 
ava i l able to plants . This is the reason acid soils 
rarel y  produce plants that contain toxic concentration 
of selen ium . Elemental selenium appears to be stable 
in soi l s  and except for microbial action, i s  not 
readi ly oxid i z ed to forms that are eas il y  taken up by 
plants . ( Watkinson and Davies, 1 9 6 7 ; Cary and Al l away , 
1 9 6 9 ) • 
Fly ash, which i s  produced by coal -burning electric 
power plants, was found to conta in apprec iab l e  amounts of 
selen ium ( Furr et al . ,  1 9 7 7 ) . Gutenmann et a l . ( 1 9 7 6 ) found 
that f ly ashes from 2 1  states conta ined 1 . 2  - 1 6 . 5  ppm o f  
selenium .  Most o f  the selenium may in fact b e  e l emental 
sel enium ( Andren et al . ,  1 9 7 5 ) . 
A very sma l l  proportion of a l l  the fly ashes were 
recycled for bene ficial use . In 19 8 0 , f i fty-s ix mill ion 
tons of coal fly ash were produced in the Unite� states , but 
only 1 5 %  was uti l i z ed ( NAS News Report, October, 1 9 8 0 ) . 
Th is material can be used in many ways ( Brackett, 1 9 7 0  a rid 
19 7 4 ; Capp and Spencer, 19 7 0 ; Slonaker and Leonard, 1 9 7 4 )  as 
a base material in road construction, in the manufacture of 
bricks, 
-
cement, ceramics and as an asphal t  f i l ler and a 
concrete additive . Although a smal l  amount o f  fly ash is 
used as a road construct ion and concrete add�t ive; most- fly 
1 1  
- .  
ash is disposed of in l andfil ls or sett l ing ponds at costs 
of $0 . 25 - $2 . 0 0  per ton (Martens et a l . ,  1 9 7 0 ; Capp and 
Spencer , 1 9 7 0 ) . 
High selenium content and plenti fu l  supply have made 
fly ash attractive as a potential source of sel enium for 
agricultural purposes in l ow-selenium areas such a s  the 
northeastern United States (Mbagwu , 1 9 8 3 ) . 
The chemical form of selen ium in fly ash i s  a matter 
of speculation . Andren et al . ( 19 7 5 ) suggested that the 
environmental fate of sel enium emitted by power pl ants , wi l l  
depend on its chemical state . The expected forms o f  
sel ·enium i n  emis s ions from combustion processes a re 
elemental selenium ( Se0 ) ,  selen ium dioxide ( Se02 ) ,  selenite 
( Seo3 =) and sel enate ( Seo4 =) . It has been stated by Andren 
et a l . ( 19 7 5 )  that a l l  of the selenium in the fly ash exists 
as elemental sele�ium poss ibly as a result of the reduction 
of tetravalent forms of selenium ( Se02 , H2 seo3 ) by sul fur 
dioxide generated during coa l  combustion . Subsequently,  it 
is not immediately ava ilable for pl ant uptake . 
However , agronomic c·ons ideration in us ing_ fly ash as 
a soi l additive has been discussed ( Capp and Spencer , 19 7 0 ;  
Martens e t  al . ,  1 9 7 0 ; Plank and Martens , 1 9 7 3 ;  Patterson et 
al . ,  19 6 8 ; Plank et al . ,  19 7 5 ) . Severa l reports have shown 
that at l east a portion o f  the selenium in fly ash is  -
ava il abl e  for uptake by plants grown natural ly or 
experimental ly on fly ash or on soil s amended with f ly ash . 
12  
{Furr et a l . ,  1 9 7 5 ,  1 9 7 6, 1 9 7 7 ,  197 8a, b ;  Gutenmann et a l . ,  
1 9 7 6; Stoewsand et al . ,  1 9 7 8 ) . Selen ium was cons i stently 
higher in a l l  crops grown on f ly ash amended s o i l  and its 
concentrat ion in t he plants was approximately proporti onal 
to the rate o f  fly ash add ition {Gutenmann et a l . ,  1 9 7 9 ) . 
Large areas in many parts of the world produced 
forages with selen ium level s  cons idered to be too. low to 
meet the dietary needs of animals (Underwood, 1 9 7 1 )  . Fly 
ash there fore may be a use ful soil amendment in agriculture . 
S everal workers reported that selen ium occurring as 
selen ide or i n  the elemental forms i s  very insoluble and is 
not readi ly absorbed by pl ants ( Ganj e and Whitehead, 1 9 5 8 ;  
Hurd-Karrer, 1 9 3 7 ; Moxon et al . ,  19 5 0 ) . It has been 
indicated that col l oidal elemental selenium can be absorbed 
in very sma l l  amounts and solubil i zed by non-accumulators . 
(Watkinson et a l .·, 19 6 7 ; Peterson et al . ,  1 9 6 6 ; Gisse l -
Niel sen and B i sbj erg, 19 7 0 ; Butler and Peterson, 1 9 67 ) 
It has been reported that some e l emental selen ium . 
can be converted to ava i l able form ( Cary and A l l away, 1 96 9) .  
These authors pointed. out that some o f  the e l emental 
selen ium which was added to soils was rap idly oxidiz ed to 
selen ite .  After the occurrence of oxidat ion t he rema ining. 
elementa l  selenium is quite inert and its oxidat ion proceeds 
very slowly . 
Oxidation potentials for selen ium as a function o f  
pH indicate that col loidal elemental selen ium would be 
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oxid i z ed by the atmosphere to selenite ( se+ 4 ) in a l ka l ine to 
mildly acid conditions but further oxidation to selenate 
( se+6) would not occur ( Lakin, 19 6 1 ) . The oxidation of 
selenium in soi l s  i s  di f ficult to measure because sel enite 
when formed is readi ly adsorbed onto hydrous iron oxide in 
the c l ay fract ion . This form of selenium i s  unavai l able to 
plants . ( Watkinson, 19 6 3 ) 
In 1 9 6 4 , S hri ft proposed that there may exist a 
natural b i o l og ical selenium cycle j ust as cycles o f  carbon , 
nitrogen, and sul fur . The important po int in this cycle is 
the reactivation of e l ement�! sel enium by microb ial act ion . 
However, Al l away ( 19 68 ) found that a part o f  the oxidation 
of elemental selenium appeared to proceed by a strictly non­
biological pathway . 
In an attempt to confirm the ava i l abil ity and 
pathway for solub i l i z at ion of elemental selenium in soils , 
the obj ect ives o f  thi s study are : 
A)  To examine the ava ilab i l ity of elemental selenium 
to plants ; 
B )  To determine the e ffect o f  drying on the selen ium 
content o f  pl ants ; 
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C )  To examine the processes involved in 
solub i l i z ation of selenium solub i l i z at i on in 
soi l s . 
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MATERIALS AND METHODS 
Soi l s : 
The f irst ph�se o f  thi� experiment was carri ed out 
in p lastic trays ( 18 1 /4 "  x 1 3  1/2 " x 4 " ;  L x W x H)" each 
containing 1 8 . 2  kg o f  soil . The soi l  used in this 
experiment was a compos ite of l ocal so i l  and was sandy clay 
loam texture ( 3 0% clay )  with 6 . 4  pH . 
Selenium Amendment : 
A 2 : 1  soi l-sand blend was thoroughly mixed with the 
elemental sel enium preparat�on ( see preparat ion in l ater 
section ) in a cement mixer in 9 0 . 8  kg batches . The 
fol l owing concentrations were added in the s o i l : 0 ,  5 ,  1 0  
ppm Se . Each batch was evenly divided among 5 t rays . 
Therefore , two mixing batches were needed for each selenium 
level . 
Soil Sampl e s : 
As the soils were trans ferred from mixer to pl astic 
trays , samples were col lected for analys i s  of the sel enium 
content o f  the soil at the initial stage . These s o i l  
samples were a ir-dried and stored a t  room temperature . 
After harvest ing , each tray was individual ly mixed.us ing a 
Hobart mixer . Then soil samples ( about 1 0 0  g )  were 
col l ected for ana lysi s  of the selenium content at the final 
stage .  
1 6  
Plant Growt h :  
Wheat ( Triticum aestivum, cul t . Marsha l l )  was chosen 
to be used in thi s study s ince it is eas i ly grown under the 
conditions used . Three rows were planted in each tray and 
the seeds were separated by 1 . 5 inches . The s eeds were 
covered with 1 inch of soil and deion i z ed water was added to 
ma intain moi sture . The trays were stored ins ide a 
temperature control led bui ld ing until germinat ion was 
complete . A�ter one week , the trays were moved outs ide to a 
cement pat i o . The trays conta ining various treatments were 
randomly a rranged in three rows of 10 trays _ each . They were 
watered da ily with de ionized water , to reach approx imate 
field compacity ( 5 0 0 -7 5 0  ml jday ) , and the weeds were 
removed . At 4 week interva ls nitrogen was added to the 
trays in the form of urea and ammonium nitrate solutions . 
This solut ion was made by dissolving 3 . 2 4 g o f  urea and 4 . 2 9 
g of  ammonium n itrate into 18 . 9  1 of deion i z ed water . The 
nitrogen concentration of this solution was 0 . 4 2 g/1 . In 
order to_prevent the trays from fl ooding , as  there were no 
dra inage openings , a plastic shelter was p laced over the 
plants when it ra ined . The shelter was A-shaped and open on 
the ends to a l l ow complete a i r  movement . 
Plant Harvesting :  
The plants were grown over a twelve week period . · 
The f irst sampl ing was m·ade when approximatel y  5 0 %  
·
of the 
plants were in the boot stage ( 4 2  days ) . Each tray was. · 
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sampled as fol l ows : 
1 )  The two outside rows were cl ipped 1 em above the 
soi l  surface . 
2 )  Leaves touching the so i l s  were not sampled , only 
standing l eaves were taken . 
3 )  Four we ighed paper bags were used for each tray . 
The f irst plant was placed in the f irst sack , the second 
plant in the second sack , etc . The fi fth pl ant was pl aced 
in the f i rst sack again , etc . , unt i l  a l l  the p lants in the 
two outs ide rows were removed . Each sack was we ighed 
immediately a fter harvest ing . 
4 )  Prior to ana lys is for selenium ,  any res idua l soil  
was removed from the plants by the fol l owing was hing 
procedure : 
a )  The wheat plants were removed from the sacks 
and grasped by the cut ends and immersed in a pan o f  water 
containing dilute Al conox . 
b )  Subsequently , they were dipped a t  l ea st twi ce 
in a pan contain ing de ionized water . 
c )  They were then blotted dry on paper towels . 
5) Two sets o f. samples to be dried , were p laced back 
into the original sack which was closed loosely . Then they 
were dried for 2 4  hours at 7o0c in � forced a ir oven . 
6 )  Two sets o f  samples to be analyzed directly , were 
placed wet into flasks and predigested with nitric ac id . 
They were made to a total volume o f  5 0  ml . Comparison of 
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the selenium content between sample sets in 5 and 6 should 
provide information on selen ium losses due to dry ing . 
The wheat in the center row o f  each tray was 
harvested when the plants had reached maturity stage and the 
gra in and straw were separated . The straw was dried at 7 o 0 c 
in a forced a ir oven for 24 hours . 
Method o f  sel enium analysis : 
S o i l  and plant samples were f irst predi gested in 
concentrated nitric acid and made to volume . An a l iquot was 
digested in a 4 : 1  n itricjperchloric acid mixture . Digest ion 
was cont inued to the white fume stage and then the samples 
were reduced by adding concentrated HCl and heating . Total 
selenium was determined us ing 2, 3 -diaminonaphthalene as a 
complexing agent to form a piaz selenol whi ch was extracted 
in cyclohexane ( Koh and Benson, 19 8 3 ) and the selen ium 
content of the extraction was measured fluorometrica l l y  
us ing a Perkin/E lmer LS - 2 B  Fi lter Fluorimeter at excitation 
wavel ength 3 5 0  nm and emiss ion wavelength 5 5 0  nm . 
Water soluble seleni�m in so ils was determined by 
the fol lowing procedure : S o i l s  were extracted with cac12 ( 5  
g soil : 3 5 ml , 0 . 1 M CaCl 2) for 2 hours on a shaker . The 
suspens ions were centri fuged, and an aliquot was f i ltered 
through a 0 . 4 5 micron filter and was digested and treated as 
other samples for selen ium analys is . 
Preparat ion of E l emental Selenium : 
Col l o idal Selen ium Preparation : Col l o idal e l emental 
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selenium was prepared by dissolving 21 . 9 0 q sod ium selenite 
within a s lurry of 5 0 0  g of s i l icic acid in 1 0 0 0  ml of 
deioni z ed water . . Hydroxylamin� was added s lowly unt il no 
further formation of elemental selenium was observed . The 
preparati on was washed with suf ficient 0 . 1 N HCl to remove 
al l traces of water soluble selenium . 
Determinat ion o f  Water Soluble Selen ium in
.
Sel enium 
Preparation : Water soluble selenium in the selen ium 
preparati on was determined by a procedure based on the study 
of Mason ( 19 8 1 ) . A 0 . 5 0 0 0  g sample of selenium preparat ion 
was weighed into a 25 0 ml Te flon beaker . Five ml o f  water 
and 9 ml of HF were added to the sample . The mixture was 
stirred on a magnetic stirrer for 3 0 minutes and then 
allowed to stand for at 1 hour . The solut ion was f i ltered 
with f ine f i lter paper into a Teflon beaker and washed with 
1% HF . The volume was made up to 50 ml . Four grams o f  
H3 B03 was added t o  the filtrate . After dissolut ion o f  the 
H3 B03 the selenium content of the fi ltrate was determined . 
Elementa l  selenium would be r�tained on the f i l ter . 
Total Selen ium in the Selen ium Preparation : A 
0 . 5 0 0 0  q sample o f  the preparat ion was predigested with 
concentrated n itric acid and diluted with de ion i z ed ·water to 
1 0 0 0  ml . A 1 . 0 ml al iquot was diluted to 1 0  ml in a 
volumetric f lask . Selenium was determined as in ±he other 
samples . 
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Determination o f  Mechanism for Solub i l i z at i on o f  S e l enium in 
� =  
In order t o  further examine the convers i on o f  
elemental sel en ium t o  ava i labl e  forms, a mixture o f  soil and 
selenium preparation was subj ected to various treatments and 
increases in soluble selen ium were measured . The original 
soi l  was autoclaved in 500 g batches at 1 2 1 °C and 15 ps i for 
45 minutes to completely destroy the microorga n i s ms in the 
soil . This so i l  sample was stored at room temperature . 
After 2 4  hours , the autoclave procedure was repeated aga in . . 
The autoclaved soi l  was mixed with 0 . 1 8 6  g o f  co l l o ida l 
sel enium preparation ( 1 . 0 g of selenium preparat ion has 
1 3 4 5 0 ug o f  el ementa l  selenium) . The soi l - se l en ium mixture 
was separated into two parts . One of the parts was aga in 
divided and the subsamples were placed in previously 
autocl aved glass containers . Both of the subsamples were 
flushed with nitrogen and one was stored at room temperature 
( 2 0°C ) , the other in a free zer ( - 10 °C ) . The sec�nd part o f  
the soi l -selenium mixture was not flushed with nitrogen , but 
was d ivided and stored in the two d i f ferent temperature 
environments in autoclaved conta iners . The nonautocl aved 
soils were subj ected to the same procedures .  
Solubl e  selenium content was measured at 4 week 
interval s . To determine the initial mixing e f fect , the 
soils were analyzed immediately a fter · mixing with the 
2 1  
selenium preparat ion . Only two batches of s o i l s  were 
analyzed for inital content of solub l e  selenium at z ero 
time . One was autoclaved and the other was not . Neither 
were f lushed with n itrogen or stored since thi s  procedure 
was performed at 1 6  weeks on samples that were not used in 
the treatments . 
Stat ist ical Analys is : 
The data were analyzed by a nested analysis o f  
variance i n  a l l  cases except i n  the study concern ing the 
mechanisms of selenium solub i l i z at ion . Pa i red-t test was 
used to compare the inital and f ina l Se content o f  soil . 
22 
RESULTS AND DISCUSSION 
Growth o f  Wheat in Soil Amended With Elementa l  Selenium 
I n  general ,  the wheat·plants grew wel l in the trays . 
The weight o f  straw and grain at· f inal harvest a re shown in 
Tabl e  1 .  On the bas is of total dry we ight produced per 
tray, there were no s igni ficant d i f ference s between control 
and treatment groups . Under the conditions o f  this. study , 
no toxic ity to the pl ants was evident even at 1 0  ppm added 
sel enium . 
The amount of elemental sel enium added to the s o i l  
and the results o f  selenium ana lys is of the ent ire plant are 
given in Tab le 2 .  Al l the plants were col l ected at the 
green stage of growth where 5 0% were starting to head . Ha l f  
o f  the plants were ana lyz ed immediately a nd hal f were dried 
and then analyzed . The selen ium content was converted to a 
wet we ight bas is . ·The mo isture contents o f  the freshly 
harvested pl ants varied from 7 1 . 9  to 77.6 percent . 
It can be seen that the selen ium content o f  dried 
plants and fresh pl ants were not s igni f icant ly d i f ferent ( p� 
0 . 0 5) . For instance , the mean o f  selenium contents in the 
immature wheat grown
_
on soil s  with 1 0  ppm o f  added selenium 
were 3.72 ppm and 3.77 ppm respectively . At the 5 ppm added 
el emental selen ium level , there was a numerical d i f ference 
between mean selen ium content of dried and wet samples that 
was not s igni f icant ( p� 0 . 0 5) probably because o f  the large 
standard deviation for one set . It should be noted that 
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Control 
5 ppm 
1 0  ppm 
( Tabl e  1 )  Weight of straw and gra in for 
experimental ly grown wheata 
Strawb Gra inb 
1 2 . 3 6 + 1 . 8 4 6 . 2 3 ± 1 . 2 3 
1 1 . 4 7 + 1 . 8 8 5 . 6 3 ± 0 . 7 6 
1 1 . 9 0 ± 2 . 4 4 6 . 4 5 ± 1 . 3 8 
a Comparing treatment group with the control by paired-t 
test showed no s igni ficant dif ference in we ights ( p� 0 . 0 5 ) .  
b Values are means from 1 0  trays ( in grams ) ± SD. 
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(Table 2 )  Se content in the wheat samples at 4 2  days (wet basis) 
Control 
5 ppm 
1 0  ppm 
Se content loom)S 
Before drying 
0 . 0 6 8  ± 0 . 008  
1 . 5 4 + 0 . 4 3 
3 . 7 7 + 0 . 3 6 
----
After drying 
0 . 068  ± 0 . 0 07 
1 . 69 + 0 . 15 
3 . 7 2 ± 0 . 4 0 
a Dried and fresh plants·were not significantly different at P5 0 . 0 5 level. 
I 
N 
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even if the difference had been significant, the selenium 
content was higher for the samples exposed to drying. It 
can be concluded that drying fresh cereal vegetation at 7 0°C 
does not result in the loss of selenium. 
This data is in agreement with the results of Beath 
et al. ( 19 3 7 ) . They discovered that the drying of certain 
primary indicator plants was accompanied by loss of a large 
amount of selenium, indicating that a volatile selenium 
compound was present in these plants. However, they found 
no such loss on drying grass or cereal crops. 
The data in Table 3 ?how the accumulation of 
selenium in the two portions.of wheat, grain and straw. 
Those plant samples were collected at the maturity stage and 
analyzed. Amounts of selenium present are expressed based 
on oven dried weights. The data show that there is a linear 
relationship between soil selenium and plant selenium. For 
example the selenium content in the grain increased from 
1 2 . 9 8 to 2 7 . 0 3 ppm as the selenium content in the soil 
increased from 5 to lO ppm. The selenium content of the 
straw was lower, increasing from 9 . 6 3 to 2 3 . 0 3 ppm, 
respectively. 
Most of the selenium in non-accumulating species has 
been found associated with the protein (Franke and Painter, 
19 3 6 ; Horn et al. , 19 3 6 ; Butler and Peterson, 1 9 6 7) .  Sine� 
protein content of grain is usually higher than in straw, 
the-data presented here was expected . . Others 
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Control 
5 ppm 
10 ppm 
(Table·3) Selenium content of harvested wheat (dry basis) 
Grain 
0.38. + 0.05 
12.98 + 1.07 
27.03 ± 2.82 
Se content (ppm) 
Straw 
0.30 + 0.03 
9.63 ± 1.69 
23.03 ± 7.00 
I"\) 
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have found that the selenium content at maturity was less in 
the straw than in the grain regardless of the amount of 
selenium present in the soil (Johnson and Whitehead, 1951; 
Rosenfeld and Beath, 1964) . 
It was surprising to find such high selenium levels 
in plants grown on the soils amended with just elemental 
selenium. The uptake of selenium by plants is governed by 
the presence and availability of selenium in the soil. It 
has been suggested by Gissel-Nielsen and Bisbjerg (1970) 
that the form and solubility of the element is the most 
important factor in determin_ing plant uptake. As d iscussed 
in the literature review, the water soluble selenium seems 
to best represent the amount available to the plants. 
In ord er to better und erstand the reasons for the 
high uptake of selenium from soils amend ed with elemental 
selenium, the amount of water soluble and total selenium in 
the soils was determined at the beginning and the end of the 
wheat growth experiment. The results are given in Table 4 .  
The initial and final concentration of total .selenium and 
soluble selenium at each treatment level were compared by 
paired-t test. The total selenium for each level tended to 
decrease with time increased. For example, for the.10 ppm 
level, the amount of total selenium at the initial stage was 
11. 43 ppm. At the end of this experiment, the amount of 
total selenium significantly decreased (p� 0. 01) to 8. 35 
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(Table 4 ) The total Se and water soluble Se in the soila 
Treatment 
Control 
5 ppm 
1 0  ppm 
Control 
5 ppm 
10 ppm 
Total Se Cppml 
Initial Final 
0 . 2 0 + 0 . 0 6 0 . 2 3 ± 0 . 0 3 
5 . 2 3 + 1 . 4 2 4 . 15 + 0 . 2 7* 
11 . 4 3 ± 2 . 2 2 8 . 3 5 ± 0 . 2 6** 
Water sol�ble Se (ppm) 
Initial 
0 . 0 0 6 6  + 0 . 002  
0 . 0 17 + 0 . 002  
0 . 0 2 3  + 0 . 0 0 2  
Final 
0 . 0 14 ± 0 . 0 0 3 ** 
o . o8o + o . oo1** 
0 . 17 + 0 . 0 2 3 ** 
a The final levels of total ·selenium and water soluble selenium in each pot were 
compared to initial values by paired-t test. *p� 0 . 0 5 ;  **p� 0 . 01 .  
N 
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ppm. The same trend was observed from the soil amended with 
5 ppm selenium (p� 0. 05 ) . The content of total selenium for 
the control group did not significantly vary between the two 
stages. 
Attention should be drawn to the concentration of 
water soluble selenium in these soils (Table 4) . The data 
show that amending the soil with the elemental selenium 
preparation did increase the amount of soluble selenium (see 
the initial values) . The 0. 023 ppm soluble. selenium 
·obtained at the 10 ppm treatment level, although thr ee times 
the level in the control, is� still well below the level of 
0 . . 1 ppm·that would be expected to increase plant content 
(Palmer, 1988) . At all these levels of added elemental 
selenium, the amount of water soluble selenium at the final 
stage was significantly higher (p� 0. 01) than at the 
beginning of the experiment. Table 4 reveals that at the 
highest level of supplementation, the soluble selenium 
increased to 0. 17 ppm. This is normally consider ed 
sufficient to produce vegetation which might -contain toxic 
levels of selenium. 
From the statistical analysis of the data, (Tables 
4a and 4b) it is evident· that the soil preparation was done 
adequately, since no significant difference (P5 0.05) was 
found between the total selenium levels in the different mix 
batches. The same is tr ue for soluble selenium. Although a 
significant tray �ffect was detected in two instances 
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(Table 4a) Analysis of variance and means for total 
selenium in soil. 
Initial Se Concentration Final Se Concentration 
source df MS F df MS F 
Level 
Batch (Lev) 
2 632. 23 78. 56** 2 329.52 9836** 
Tray (Lev x Bat) 
Residual 
3 
24 
30 
8.05 
3.88 
0.58 
2. 08 3 
6. 72** 24 
30 
Inital mean selenium concentration (ppm) . 
Level overall Batch 1 
Control 0.20 0.21 
5 ppm 5 .  23' 4.19 
10 ppm 11.42 11.06 
Final mean selenium concentration (ppm) . 
Level 
Control 
5 ppm 
10 ppm 
* significant at p< 0. 05. 
** Significant at p� 0. 01. 
Overall 
0. 24 
4. 15 
8. 35 
Batch 1 
0. 225 
4.09 
8. 32 
0.0335 
0.05 9 
0.06 
Batch 2 
0.19 
6.27 
11.79 
Batch 2 
0.245 
4.21 
8. 39 
0.5 6 
0.98 
w t-A 
(Table 4b) Analysis of variance and means for soluble 
selenium in soil. 
I ni ti al Se Concentrati on 
Source df MS F 
Level 2 
Batch (Lev) 3 
Tray (Lev x Bat) 24 
Residual . 29 
0.001 306 
0. 00000272 
0.00000766 
0.0000187 
480* *  
0. 35 
0.41 
F i nal Se Concentrat ion 
df MS F 
2 
3 
24 
30 
0.1 1 9  
0. 00025 0 
0. 000488 
0. 00009713 
4 76* *  
0. 5 1  
5 . 02* *  
Inital mean selenium concent ration (ppm) . 
Level Overall Batch 1 
Control 0.0066 0.0062 
5 ppm 0.01 69 0.0165 
10 ppm 0.0225 0.0221 
Final mean selenium conce ntration (ppm) . 
Level 
cont rol 
5 ppm 
10 ppm 
* Significant at p< 0� 05 . 
* *  S ign i f i cant at p� 0.01. 
Overall 
0. 0132 
0.0764 
0.167 
Bat ch 1 
0. 01 33 
0.075 2 
0.173 
Batch 2 
0. 0069 
0. 01 72 
0. 0229 
Bat ch 2 
0. 01 31 
0.0776 
0.1 61 
w N 
( in itial values for total selenium and final value for 
soluble selen ium) , the difference was of no practical 
importance. 
The increase in soluble selenium in the so il 
preparation , with subsequent plant uptake, could be d ue to a 
true solubility of the elemental selen ium or it might 
represent the freeing of adsorbed selenite in the selenium­
silicic acid preparation. The data in Table 4 ind icate that 
a small amount of soluble selenium was contributed by the 
preparation (0. 02 ppm) in soils amended to 1 0  ppm. This was 
about 3 times the detected level in the 0 level treatmen t 
but would still be inadequate to explain the � levated plant 
selenium content. However, it appeared conceivable that any 
adsorbed selenite might no t have been to tally removed by our 
method of washing the selenium preparation. 
A further attempt was made to characterize the form 
of selenium in the Se-silicic acid preparatio n using the 
method of Mason (1981) . Samples of the preparatio n were 
dissolved in HF to destro y the silicic acid matrix an d 
dissolve all non-elemental selenium. The elemental selen ium 
could then be remo ved by filtratio n and available selenium· 
determined on the filtrate. 
The results are seen in column 3 of Table 5. Fr om a 
0. 5 g sample, 2.69 ± 0. 24 ug o f  selenium was reco ver ed as 
soluble -selenium. Since the to tal selenium con tent in the 
preparation was 6725 ug/ 0.5 g, the percent o f  so luble 
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(Table 5 )  ug Soluble Se f rom selenium- silicic acid preparation 
Rep. Sample wt. 
1 0 . 5 0 0 0  g 
2 0 . 5 0 0 0  g 
3 0 . 5 0 0 0  g 
overall 
Se in original 
sample 
2 . 3 9b 
2 . 8 1 
2 . 8 8 
2 . 6 9 ± 0 . 2 4 
a 2 ug Se added as selenite 
Se in spi ked 
s amplea 
4 . 71 b 
4 . 8 9 
4 . 8 2 
4 . 8 0 ± 0 . 1 5 
b All values are averages of dup l i cate determinations 
Net recovery % recovery 
2 . 3 2 1 16 . 0  
2 . 08 1 04 . 0  
1 . 9 4 9 7 . 0  
1 05 . 7  ± 1 0 . 1  
w 
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selenium was 2 . 6 9/ 6 7 2 5  x 1 0 0  = ( 0 . 0 4 % ) . Thi s would be the 
equi valent of addi ng 0 . 0 0 4  ppm to the trays containing 1 0  
ppm added seleni um. 
To more directly determine that adsorbed selenite 
could be detected by the methods used, other samples of the 
preparati on were spiked wi th 2 ug selenium as selenite prior 
to treatment with HF . Data in column 4 , 5  and 6 of Table 5 
show that 1 0 5 . 7 % ± 1 0 . 1  of the added selenite could be 
recovered. These data indicate the method used here is 
adequ ate to detect non-elemental selenium present in the 
preparation. 
C onversion of E lemental Selenium to Soluble Form s in Soil 
Oxidation of the applied elemental selenium is 
assumed - to be necessary for its utilization and this may 
occur in soil. This conversion has been shown by G eering et 
al. ( 19 6 8 ) . They added 6 ppm colloidal selenium to soils 
wi th 3 different pH lev els ( 5 . 0 ,  5 . 9 ,  6 . 7 ) . The amount of 
seleni um oxidized increased with the pH. Part of the 
oxidation seemed to proceed by nonbiological. pathways. 
Other evidence that elemental selenium can be conv erted to 
available forms has been supplied by C ary and A llaway 
( 1 9 6 9 ) . 
In an attempt to determine how the elemental 
sel enium was converted to soluble forms in this study , the 
seleni um- si licic acid preparation was added to a 5 0 0g batch 
of soil. The batch was divided and the parts _
were subj ected 
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to different treatments including autoclaving , to determine 
whether microbial acti on was involved; flushing with 
nitrogen, to determine if just spontaneo us oxidation was 
involved; and storage at two different temperatures. 
Samples of soil from the various treatments were taken at 
four weeks, eight weeks, twelve weeks and sixteen weeks and 
analyzed for soluble selenium as described previously. It 
should be noted that in all cases, the autoclaving was 
carried out before mixing th e soil and selenium. T he 
initial pH of the soil used was 6.4. Th e results are shown 
in T able 6 .  
It can be seen that the lowest amount of soluble 
selenium was obtained in nonautoclaved groups which were 
stored at - 1 0° c .  These groups represent the negative 
control and contained average soluble selenium levels of 
1 . 4 7 5  to 1 . 7 2 5  ppb. Other treatments tended to result in 
increases of soluble selenium with t� e h ighest level 
obtained in the treatment wh ich was not autoclaved, not 
flushed with nit rogen and was stored at room
' temp erature. 
T he production of the highest amount of soluble selenium in 
this group is indicative of the participation of microbial 
action in the solubilization process. 
It app� ars that there was an increase in soluble 
selenium in all treatment groups at the four-week sampl e 
date as compared to the negative controls. T he question 
arose as to whether or not this increa se was instantaneous 
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( Table 6 )  Water soluble Se in the soil amended with 5 ppm 
Se from the Se-sil icic acid preparation 
after several treatmentsa 
Time 
o weeks 4 weeks 8 weeks 12 weeks 16 weeks 
Flushed with N2 (ppm x 1 0 -2 ) b 
Au toe laved 
2 0°c 3 . 7  ± 0 . 4  4 . 6  ± 0 . 6  4 . 5  ± 0 . 7  4 . 0  ± 0 . 1 
-1o0c 3 . 9  ± 0 . 2  3 . 6  ± 0 . 4  3 . 9  ± 0 . 2  2 . 8  ± 0 . 1 
Nonautocl aved 
2 0°c 4 . 1  ± 0 . 3 3 . 7  ± 0 . 2  4 . 5  + 0 . 3  4 . 5  + 0 . 1  
- 1 o0c 2 .  3 ± · 0 .  7 1 . 1 ± 0 . 2  1 . 8  ± 0 . 5  1 . 7  ± 0 . 2  
Not flushed with N2 
Au toe l aved 
2 o0c 0 . 9  ± 0 . 1 5 . 3  ± 0 . 2  4 . 8  ± 0 . 2  5 . 3  ± 0 . 4  4 . 9  ± 0 . 3  
-1o0c 4 . 5  ± 0 . 6  3 . 6  ± 0 . 3  3 . 8 ± 0 . 4  2 . 5  ± 0 . 1 
Nonautocl aved 
2 0 °c 0 . 7  ± 0 . 2  2 . 3  ± 0 . 3  4 . 4  ± 0 . 3  6 . 0  ± 0 . 5  7 . 6  ± 0 . 9  
-1o0c 1 . 8  + 0 . 4  1 . 4  + 0 . 4  1 . 6  + 0 . 4  1 . 1 + 0 . 4  
a Va lties are mean + s o  
b The actual value�i s obta ined by mult iplying the tabu l a r  value by 1 0 -2 
w 
....... 
or t ime dependent . S ince zero time samples were not 
init i a l ly taken , it was not poss ible to determine thi s  from 
the original experiment . Consequently , two other batches of 
selenium-soil mixtures were prepared . One was autoclaved 
and both were sampled immediately ( zero t ime ) and soluble 
selen ium content was determined . It can be seen from the 
data in column one in Table 6 that soluble selenium was low 
initially ( 0 . 9  or 0 . 7  ppb ) . Apparently , a maj or portion of 
the increase in soluble selenium observed in the other 
treatment groups occurred in the first four weeks . Storage 
at - 1 0°c prevented most of the increase although soluble 
selenium even increased sl ightly in thi s  treatment group in 
the f i rst four weeks . 
The data presented in Table 6 were ana l y z ed for as a 
compl ete factorial analys is of variance and the analys i s  is 
shown in Tabl e  7 .  Although there appear to be s ign i f icant 
main e f fects , in most instances they can not rea l ly be 
discussed because of the s ign i ficant interact ions . I n  th is 
study most of the treatments . ( flushing with N2 ( � ) , 
autoclaving ( A ) , storage at d i fferent temperatures (T) ) had 
s imilar e ffects over time ( t )  on the amount of soluble 
selen ium . Therefore , one treatment was o ften adequate to 
produce maximum response and superimpos ing one or more 
treatments produced no further response and there fore a 
s igni f icant interaction was obta ined . It appears a more 
useful presentation of the data involves breaking it down 
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( Tabl e  7 )  Statistical analys is o f  experiment 
for convers ion of elemental to solub l e  forms in soi l 
Source df F 
Nitrogen ( N )  1 0 . 4 4 2 9 3  3 1 . 2 8 * *  
Autoclave ( A )  1 3 . 0 1 0 6 4 2 1 2 . 6 * *  
N X A 1 0 . 0 1 9 0 9  1 . 3 5 
Temperature ( T )  1 1 3 . 1 2 8 1  2 7 . 1 * *  
N X T 1 0 . 6 8 2 7 3  4 8 . 2 1 * *  
A X T 1 3 . 0 2 9 7 7  2 1 4 . 0 * *  
N X A X T 1 0 . 0 2 0 6 4 1 . 4 6 
Error ( a ) 8 0 . 0 14 1 6  
Time ( t )  3 0 . 1 5 3 4 2  5 . 8 6 * *  
N X t 3 0 . 0 0 9 4 8  3 . 6 2 * 
A X t 3 0 . 6 0 0 7 9  2 2 . 9 5 * *  
N X A X t 3 0 . 3 9 8 9 8  15 . 2 4 * *  
T X t 3 · 0 . 7 9 9 5 9 3-0 .  55 * *  
N X T X t 3 0 . 2 6 3 7 5  1 0 . 08 * *  
A X T X t 3 0 . 1 4 9 8 5  5 . 7 2 * * 
N X A X T X t 3 0 . 1 9 4 8 9  7 .  4 5'* *  
Error ( b )  2 4  0 . 0 2 6 18 
a To obta in the mean square value the tabu l a r  value should 
be multipl i ed by 1 0 - 3 . 
*p� 0 . 0 5 ;  
* *p� 0 . 0 1 .  
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into sma l l er segments . 
In F igures 1 - 6 the amounts o f  water solub l e  
selenium in the s o i l  extracts from the various treatments 
were plotted against the storage t ime . I n  some instances , 
the same data are presented on more than one F igure for the 
purpose o f  making eas ier comparisons . For instance , Fig . lb ,  
3b ,  and 6b a l l  conta in the data for solub l e  selenium in soil 
which was not autoclaved , not flushed with n itrogen but was 
stored at room temperature . 
Figures 1 and 2 show the e f fect o f  autoc l av ing on 
the product ion of soluble selenium . Figure 1 shows data for 
soi l s  stored at 2 0°C and Figure 2 shows data for so i l s  
stored a t  - 1 0°c .  Part a of each F igure shows data from 
samples flushed with nitrogen and Part b i s  for samp l es not 
flushed with nitrogen . There is fa irly good cons istency in 
the data . In Figures lb , 2 a , 2 b , the soluble sel enium in 
treatment groups which have been autocl aved is h igher i n  a l l  
cases . The s ingle exception to this observat ion i s  shown in 
Figure l a . In the latter instance , the autoc l aved and 
nonautocl aved groups were essentia l ly the same in terms of 
soluble selenium l evel . At present , there is no exp l anat ion 
for this one exception . · I f  this one observation i s  
cons idered unusual ,  then i t  can b e  stated that autocl aving 
seems to produce a condit ion that causes an increase in 
soluble selen ium .  Again , · i t  should be noted that the 
elementa l sel enium was not added to the s o i l  unt i l · a fter· the 
4 0  
Figure 1 .  
E ffect o f  autoclav ing on water solub l e  selen ium in 
soi l  mixtures stored at 2 0°c . 
la - flushed with nitrogen 
lb - not flushed w ith nitrogen 
4 1  
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E ffect o f  autoclaving on water solub l e  sel en ium in 
soil mixtures stored at - 1 0°c . 
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autoclaving was completed . Perhaps autocl av ing oxidi z ed 
some components in the soil which could serve as e f fect ive 
oxidi zers of the e l emental selenium when it was mixed with 
the soil . 
The autocl aving e ffect was present at the f i rst 
samp l ing date . It was unfortunate that a z ero-time analys is 
was not done for all treatments . In the two instances . when 
z ero-time analys is was performed ( Table 6 ) , very l ow soluble 
selenium was observed . Whatever the change brought about by 
autocl aving , its e f fect is exerc ised quickly and completely . 
The data in Figures - 1 and 2 further show that , when 
the samples were not autocl aved or flushed with n itrogen and 
stored at room temperature , soluble selenium increa sed 
cont inua l ly with t ime ( F igure 1b , dotted l ine ) . I n  th i s  
group , the solub l e  sel enium eventual ly reached and then 
surpassed the l eve l s  found in the autocl�ved groups . Al l 
condit ion in this part icul ar group f�vored the growth o f  
microorganisms . It is  evident that a certain amount o f  
selenium was solub i l i z ed b y  the conditions b
.
rou9ht about by 
autocl aving and then microb ial activity cont inued to 
increase the amount of soluble sel enium ( up to 0 . 0 7 6  ppm) � 
The data a s  d i splayed in Figures 1 and 2 ,  indi cate that 
there is l ittl e  e ffect of flushing with nitrogen or storage 
temperature on soluble selenium level s  except in the one 
group in which microb ial act ivity would be maximum ( F igure 
1b) . 
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In Figures 3 and 4 ,  the data are assemb led to look 
at the ma in e ffect o f  f lushing with nitrogen , thereby 
excluding oxygen . It should be understood that the methods 
employed did not completely remove the oxygen . 
Nevertheless , f lushing with nitrogen general ly kept soluble 
selenium at a l evel no higher than that produced by the 
autoclaving treatment . Aga in , it i s  evident that 
·
in  the 
group in which the microorganisms ' growth could be maximum 
s ince the soil was not autocl aved and was stored at amb ient 
temperature ( Figures 3 a  and 3b) , the l ack o f  nitrogen 
flushing a l l owed an increase in soluble sel enium . Th i s  was 
probably due to microb ial activity . 
The data in Figures 5 and 6 are grouped so as to 
look at temperature as a ma in ef fect . · Storage at - 1 o 0c 
resulted in the l owest content of soluble sel enium i n  al l 
cases . Even in the group not autoclaved and not flushed 
with nitrogen , storage at - 1 0°C was su f f ic i ent to keep the 
soluble selenium l evel low .  
I n  summary , i t  appears that el .emental selen ium , as 
prepared in this study , is more ava i lable to plants than 
prev ious ly thought . Its ava ilabi l ity can be measured by
_ 
pl ant uptake or an increase in soluble sel enium in the soil . 
The solub i l i z ation of elemental selenium can be part i a l ly 
expla ined by a chemical reaction between the s o i l  and 
selenium . Although the nature o f  the react ion i s  st i l l  
un�lear , i t  apparently i s  accelerated by treatments such as 
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Figure 3. 
E ffect o f  flushing with nitrogen on water soluble 
selenium in soi l  mixtures stored at 2 0°C .  
3 a  - autoclaved 
3b - nonautoclaved 
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Figure 4 .  
E f fect o f  flushing with nitrogen on water soluble 
selenium in so il mixtures stored at - 1 0°c . 
4 a  - autoclaved 
4b - nonautoclaved 
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F igure 5 .  
E ffect o f  storage temperature on water solub l e  
selenium in soil  mixtures which were autocl aved . 
5 a  - f lushed with nitrogen 
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Figure 6 .  
E ffect o f  storage temperature on water soluble 
selenium in s o i l  mixtures whicn were not autocl aved . 
6 a  - f lushed with nitrogen 
6b - not flushed with nitrogen 
5 3  
0. 060 
o. oso 
0. 040 
i a. -
0. 030 
� c: • � c: 0 u 
- 0. 020 
• .,., 
0. 01 0  
0 
0. 080 
0. 070 
0 . 060 
0. 050 
i 
0. 040 
� 
.. a. OJo c • .. c 0 u 
• 0. 020 ., 
0. 010 
4 
- - - - - .... _ 
0 4 
' ., -
8 
Time (weeks ) 
, .. ._ ... ... _ _ _ ___ 
Fi gure 6a 
12 16 
- ... - - - - - - - - ' � �  
- -
Fi gure  6b  
a l2 16 
Tt• (weeks ) 
54 
autoclaving the soil . Its magnitude i s  a ffected by the 
temperature o f  the soil preparation but i s  not greatly 
a ffected by the presence or absence of oxygen . 
In addition , a cons iderable amount o f  the increase 
in soluble selenium could be attributed to microbiolog ica l 
act ivity . The amount o f  solubil i zation increased with time 
and was inh ib ited by treatments which would be detrimental 
to the growth of microorganisms . 
5 5  
CONCLUS IONS 
S e lenium is thought to be an essent i a l  e l ement for 
humans and anima l s  which can be either bene f ic i a l  or harmful 
depend ing upon the dosage used . Selenium-respons ive 
diseases o ften occur in selenium deficient areas which 
produce crop plants conta ining selenium leve l s  inadequate 
for the d ietary needs of farm anima l s . S im i l arly high · 
sel enium areas w i l l  produce toxic vegetation which wi l l  
cause selenium toxicosis i n  farm anima l s  restricted t o  those 
feeds . 
The pract ice o f  adding sod ium sel enite to the soil 
o� to feedstuffs is o f  l imited use due to the h igh cost of 
sel enium salts . For economic reasons , fly a sh , a wa ste 
product of coa l - f i red electricity generating p l ants has been 
stud ied as a selenium source . Appreciab l e  amounts o f  
selenium have been found i n  fly ash , ma inly a s  e l ementa l  
selenium . There has been a question . as to the rate o f  
-solub i l i z at ion of thi s  form of selenium . 
Thi s  study has investigated whether 
·
el e�enta l  
selenium can b e  solub i l i z ed and then absorbed in very small  
amounts by non-accumulator pl ants ( wheat ) . 
Based on the data presented here , several 
· conclusions can be deduced . 
1 .  El emental sel enium added to s o i l  may be 
converted to soluble forms more rapidly than was thought 
be fore . 
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2 .  I n  at l east the soil used i n  the study , 
convers ion o f  elemental sel enium to avai l ab l e  form can be 
rapid and extens ive enough to produce selenium content in 
the experimental plants which would be cons idered toxic to 
anima l s  ( up to 35 ppm ) . 
3. Di f ferent parts of the plant can accumulate 
d i fferent l eve l s  of avai lable selenium . The gra in 
accumul ates more than the straw . 
4 .  The drying o f  fresh vegetation at 70 °c does 
not cause the loss of selenium compounds in wheat pl ants . 
5. The solubil i zation of e l ementa l selenium is 
contributed ma inly by microorgan isms and chemical react ion 
with the soi l . Atmospheric oxidation makes l ittl e  
contribut ion · except to enhance aerobic microb i o l ogical 
activity . 
6 .  The use of fly ash as a so i l  amendment in 
agricul ture to produce des ired selenium l eve l s  in the 
uti l i z able plants is supported by the work and should be 
further investigated . 
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